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1. INTRODUCTION 
 
 Collective behavior has been observed in many species such as insects, birds, 
fish, mammals, and even bacteria [1-5]. Main themes of studying collective behavior 
are to reveal underlying mechanism why such behavior could occur and how such 
behavior is self-organized. In other words, how an individual recognize his or her flock 
mates to make a group and how an individual interacts with other individuals to move 
as a group. 
 In the former, it is usually considered that a group is made to obtain common 
gains such as avoiding predation, reproduction, foraging, and so on [6-11]. For example, 
golden shiners (Notemigonus crysoleucas) improve their ability of staying prefer region 
as increasing a school size [12]. These observations are considered as an active group 
derived form active motivations to obtain common gains. On the other hand, desert 
locusts (Schistocerca gregaria) usually inhabit alone called solitarious phase, but 
vegetation abundance cause increasing their population and such increasing change 
them gregarious phase. In gregarious phase, if a density increased with aggregation then 
they made a well aligned moving swam, called marching band. The reason such a 
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collective behavior was occurred is to avoid cannibalisms from other members of the 
swarm they are belonging to [13-15].  
In addition, mature ayu (Plecoglossus altivelis) usually inhabits alone holding its 
own territory. A fish cannot hold own territory becomes floater fish and it intrudes 
territories the other hold to obtain feed but their owner attack it for defense. However if 
the number of floater fish was larger then every territory holder has give up defense and 
they make a school together with floater fish [16]. These two examples show a group 
containing a contradiction, a swarm with predators and a school with intruders. These 
groups are considered as a passive group derived from passive motivations caused by 
increasing population.  
 In the latter, it has mainly studied using simulation model. Classical and 
well-known model called BOIDs introduced by Relynolds [17] is good estimation for a 
collective behavior with only three simple rules, separation, orientation, and cohesion in 
which each individual interacts the others exist in constant distance obeying such rules. 
Many models based on the concepts of this model and empirical data reported with 
recent advance of image analysis suggest that collective animal behavior derived 
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without global information from conductors or leaders but with local interactions among 
individuals [18-23]. However, how such local interactions make a global consensus? It 
is necessary to propagate decision rapidly among individuals in a group when they 
exposed an attack by predator. Information transferred among individuals would play a 
key role to understand it [24-26]. In empirical study, for example, Cavagna et al. [25] 
observed there are density waves within the bird flock, which must be a kind of transfer 
information derived from external perturbation (e.g. predations by falcons), and that is 
faster than their flight speed. In simulation study, Wang et al. applied frameworks of a 
local information dynamics to a swarm model [27]. 
 In this study to investigate how an individual perceive other individuals and 
how information transfer among individuals in a group, we conducted particular 
experiments using a swarm of soldier crabs (Mictyris guinotae) [28]. First, we validated 
a difference of behavior between an individuals and a swarm of soldier crabs to display 
two kinds of swarms in Y-shaped apparatus. Second, for a swarm of crabs moving freely 
in circular-shaped arena, we estimated information transfer among individuals in a 
swarm using a concept of information dynamics. 
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2. SOLDIER CRABS (Mictyris guinotae) 
 
Here we describe soldier crabs (Mictyris guinotae) used as model animals for 
collective behavior and as materials in all experiments. M. guinotae is endemic species 
inhabiting in tideland in Ryukyu Islands [28-32]. Crabs stay in burrow during high tide 
and when it is low tide they go out and emerge on sand surface to feed while moving 
forward with other individuals as making huge swarms (Fig. 1). In some cases, the 
number of individuals in a swarm becomes thousands. In breeding season, from 
December to March, sexual difference in behavior has occurred [32]. To remove this 
effect, all of our experiments were carried out in July and August. 
From field observations, we obtain three characteristic properties of them. 
First, various size of swarms are moving with frequently integration, joining, and 
separation. Second, they show avoidance behavior against water pool in tideland when 
it is alone or their swarm size is small. Thus a consequence of their tendency makes 
large and high dense swarms at water’s edge. However if their size or density became 
some degree, they suddenly entered and crossed water pool from a point with a 
following swarm [33]. Third, a huge swarm extended in wide range shows highly 
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synchronized behavior caused by extra perturbation. Thus these show that their 
behaviors are differentiated dependent on a size or a swarm, especially an individual or 
a swarm, and that information could transfer among individuals in a swarm like as a 
flock of birds. 
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Fig. 1. Soldier crabs, Michtyrus guinotae (Top) An individual of solider crab. Its 
carapace length is approximately 12mm. (Bottom) Soldier crabs in tideland. They make 
several swarms and a swarm frequently interact with other swarms with joining and 
separation. A clear boundary made by swarms shows water’s edge on sand surface. 
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3. Conflicted avoidance behavior of a swarm of soldier crabs 
 
According to previous studies, an individual in a school, swarm or flock has a 
tendency to approach the center of a swarm and to avoid a collision and overcrowd 
[17-19]. If such approaching to and separating from a swarm mate is dependent on the 
distance between individuals, then a swarm could consist of a regular lattice in which an 
individual keeps a constant distance between individuals. This idea is, however 
re-estimated in terms of both simulating models and image data of natural animals, 
because it is known that a swarm or a flock consisting of the regular lattice is not robust 
against external turbulence (e.g. enemy attack) [24]. Thus the issue on the relationship 
between flock centering and collision avoidance still remains. 
How is approaching and centering in soldier crabs? Since a huge swarm of 
soldier crabs is self-organized, gathered and dispersed, each individual can approach 
and separate with each other temporally and spatially. Thus, we here estimate the 
behavior of soldier crabs under particular conditions. Actually we estimate whether a 
swarm of soldier crabs, subject, could approach or not to the concentrated swarm of 
soldier crabs. We especially focus on whether such behaviors are dependent on a 
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population size of subject. These results suggest how soldier crabs perceive other 
individuals to make a huge swarm in a lagoon under a low tide. 
 
3.1 Material and Methods 
 
3.1.1 Material 
 
 These experiments carried out in July 2014 at Funaura Bay in Iriomote Island, 
Okinawa prefecture, Japan. Soldier crabs, Mictyris guinotae used for experiments were 
collected two hours before low tide and they were back to a tideland soon after the 
experiments had finished. Since soldier crabs are tiny and fragile, we took them gently 
with muddy sands in which they were burrowed. We looked for a swarm of soldier 
crabs in the lagoon, and rushed to the swarm soon after we found the swarm. Although 
soldier crabs buried themselves whenever they noticed our shadows, we could took 
them in a shallow underground mud. After that we washed them by water, and they 
could be easily collected. We had removed crabs damaged some part of body or a 
carapace length was less than 9mm and more than 15mm. 
 
3.1.2 Displayed swarm 
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We conducted an experiment in which a subject of soldier crab were faced to 
a displayed swarm with various density. To make different dense swarms, we used two 
ring-shaped transparent acrylic cases with 3mm thickness whose radius is 45mm for 
small and 90mm for large respectively. Different dense swarm was made to put the 
same number of crabs (ten crabs) in them (Fig. 2). A swarm in a large case designates 
low dense displayed swarm (LDS), and a swarm in a small case designates high dense 
displayed swarm (HDS). Individuals in LDS could move freely inside the case while in 
HDS had been limited their behavior that it often step on the other to move. The 
situation in HDS could mimic a natural swarm under a condition in which a swarm is 
overcrowded at the water edge in the lagoon. 
 
3.1.3 Experimental apparatus 
 
  The experimental apparatus was constructed Y-shaped structure that consisted 
of three regions, one is a passage from start point to the junction and the others are two 
kinds of goal regions connected to the junction (Fig. 3). Floor of the apparatus was 
covered with corkboard so as to keep friction for crab’s walk, and walls of apparatus 
were made of white styrene board with 150mm height. To accelerate moving as a 
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swarm, a red plastic plate was put back of start point as the first stimulus and the 
passage region was made some gradient (Fig. 4) [35]. The large case was put at 50mm 
from the end of a goal region. A small case was put at adjusting the front of the large 
case. A video camera (Panasonic HDC-TM700, 1920×1080 pixels) placed above 
recorded each trial. 
  
 
 
Fig. 2. A ring-shaped transparent acrylic cases with 3mm thickness which radius is (A) 
45mm for small and (B) 90mm for large respectively. Ten crabs are put in both cases.  
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Fig. 3. Scheme of the experimental apparatus. Floor was seated corkboard and walls of 
apparatus were made of white styrene board with 150mm height. The large case was put 
at 50mm from the end of a goal region and the small case was put at adjusting the front 
of the large case. 
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Fig. 4. Apparatus for the external perturbation. To accelerate moving as a swarm, a red 
plastic plate was put back of start point (Top) and the passage region was made some 
gradient (Bottom).  
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3.1.4 Experimental Procedure 
 
Experiments were conducted with three conditions as for a target, displayed 
swarms, and with two conditions for a subject who can approach the target (Fig. 5). 
Given a particular condition of targets at the goal regions, a subject is located at the 
starting point. A subject is made to approach each of the goal. 
As for the target condition, the following three conditions were given. Large 
case condition (LC) denotes that for the two cases placed each side of goal region 
respectively, a swarm of soldier crabs (ten individuals) was put in the large case but no 
crab put in the small one. Since the acrylic case was transparent, the case without crab 
shows vacant place in the goal. In LC subjects of soldier crabs are faced with two goals 
of “sparse swarm” and vacant place, and are made to choose one of them.  In contrast, 
Small case condition (SC) denotes that empty large case and small case in which a 
swarm was put were placed. Under SC, a subject of soldier crab are made to choose one 
of goals, either “overcrowded swarm” or vacant place. The third condition, Both cases 
condition (BC) denotes that swarms were put in both cases respectively. Under BC a 
subject of soldier crabs is made to choose either “sparse swarm” or “overcrowded 
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swarm”. 
As for the subject condition, the two conditions are prepared, a swarm trial 
condition and individual trail condition. In the swarm trial, a swarm consisting of ten 
individuals were set at the starting point. In the individual condition, only one 
individual was set at the starting point. 
In all conditions, the position of cases (right or left) was randomly exchanged 
at each trail. Individual trials were carried out under LC and SC, and swarm trials were 
carried out for all conditions. Each trial was terminated if all individuals entered goal 
regions or if trial time passed one minute. Trials of which no individual reach the goal 
region till one minute are omitted from data. For each goal we counted the number of 
individuals that reaches the goal region in one minute. 
 16 
 
 
 
 
Fig. 5. Conditions of experiments. Individual trial; (a) Large case condition, ten 
individuals only put in the large case, (b) Small case condition, ten individuals only put 
in the small case. Swam trial; (c) Large case condition, (d) Small case condition, (e) 
Both condition, ten individuals put in both cases. 
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3.2 RESULTS 
 
Results of individual trials are shown in Fig. 6. Frequency indicates the 
number of crabs for each goal. Under LC, it shows that crabs have a significant 
tendency to avoid the region in which a swarm was located and to approach the vacant 
place (N = 55, p < 0.05, χ2-test). Under SC same tendency is also shown. Approaching 
vacant place is significantly more frequent than approaching a swarm (N = 52, p < 0.05, 
χ2-test). This suggests that an individual of M. guinotae has a tendency not to approach 
a swarm whether the swarm is sparse or crowded. Especially even if a swarm contains a 
free space in which an individual can move freely, a subject does not approach the 
swarm.  
In swarm trials, on the other hand, results in LC are different from those in SC. 
Under LC crabs approaches both goals, the goal in which a sparse swarm is located and 
the vacant goal. There is no significant difference between them (LC; N = 25, p>0.05, 
t-test) as shown in Fig. 7 left. By contrast, under SC soldier crabs approached the goal 
of vacant place rather than the goal of swarm (SC; N = 25, p < 0.01, t-test) as shown in 
Fig. 7 center. Thus, it suggests that a swarm as a subject could distinguish a sparse 
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swarm under LC from overcrowded swarm under SC as a target and could avoid only 
overcrowded swarm. 
Under BC, crabs approach the goal of LDS region much more frequently than 
HDS region (Fig. 7 right). It implies that an individual in a swarm as a subject could 
distinguish a sparse swarm from an overcrowded swarm in comparison and that the 
swarm could avoid overcrowded situation. This result is consistent with the results 
under SC. These results suggest that a swarm of M. guinotae has a tendency to move to 
growing its size up but balanced for space and that a swarm also has a tendency to avoid 
a high dense swarm. 
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Fig. 6. Experimental results of individual trials. Frequency histogram (black or gray) 
represents the number of soldier crabs which regions a crab entered. Low density region 
represents no crab region. In LC, there is a significant difference between selection the 
regions in which a swarm was placed (N = 55, *p < 0.05, χ2-test). Frequency of crabs in 
SC also showed a significant difference (N = 52, *p < 0.05, χ2-test). 
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Fig. 7. Experimental results of swarm trials. A population represents the mean number 
of crabs staying at the low density or high density region when a trial was finished. 
Error bars show standard error. Low density represents no crab region in LC and SC, 
and region where large case was put in BC. In LC, there is no significant difference but 
a significant difference in SC and BC  (LC; N = 25, p > 0.05, SC; N = 25, **p < 0.01, 
BC; N = 25, **p < 0.01, t-test).  
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3.3 DISCUSSION 
 
In this study, to investigate soldier crabs’ behavior with respect to 
individual-swarm and swarm-swarm interactions, we conducted particular experiments 
of which either an individual crab or a swarm of crabs are faced with a displayed 
different dense swarm. Results of individual trials show that an individual of soldier 
crab has a tendency to avoid a swarm whether it is dense or sparse and to move toward 
a free space. It seems to conflict with some observations of soldier crabs’ behaviors of 
which they are autonomously gathered to make a huge swarm on tideland at low tide. 
When the low tide begins, each soldier crab appears anywhere from the under substrate 
and they are sparsely distributed in a huge lagoon. Since each soldier crabs are under 
substrate and moves in burring the tunnel without seeing other individuals in the high 
tide, all what he or she can do is being distributed homogeneously and randomly. That is 
why a huge swarm can be generated only by gathering or approaching each other. 
On the other hand, some field observations of soldier crabs are consistent 
with our experimental results. Actually a natural swarm in the lagoon contains 
heterogeneity in a term of density of individuals, and individuals seem to move more 
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sparse places or a vacant place. It could result in a collective behavior of swarm of 
which a swarm autonomously moves and a swarm is dispatched into some small 
swarms. These behaviors can be explained by the fact that an individual stayed at 
marginal places of a swarm has a tendency to move a vacant free space. Our 
experimental results suggest that once a big swarm is generated, their behaviors would 
change to make their swarm size lager or maintain with taking balanced own density for 
space while keeping a property of avoidance a swarm as well as an individual has.  
From the viewpoint of passive/active motivation for making a swarm, an 
individual staying at marginal places has passive motivation of swarming, and he or she 
avoids a dense collective behavior. This kind of individual are here called pseudo-leader. 
By contrast, individuals neighboring with a pseudo-leader (i.e. a particular individual at 
marginal places) have a tendency to active motivation of swarming, and they follows 
the pseudo-leader. It results in a small swarm led by a pseudo-leader moving and joining 
a sparse swarm. Thus soldier crabs might have a strategy for making a swarm by 
keeping balance between the passive and the active. 
The reason for behavior of avoidance against a high dense swarm may be 
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demonstrated by their behaviors at the water edge. They might perceive such swarm to 
be terrible overcrowded facing to dead end of ground for feeding. Moreover, an 
emergence behavior which a swarm of crabs can enter a water pool derived from 
increasing their population could not be explained by an active behavior as overcoming 
avoidance to make a dense swarm but by an passive behavior as dissolving over density 
by an outcome from compared two avoidance situation. 
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4. Information transfer in a swarm of soldier crabs 
 
In this chapter, to investigate information transfer among individuals in a 
swarm, we applied frameworks of information dynamics to a swarm of soldier crabs 
Mictyris guinotae moving freely in a circular-shaped arena. Experiments were 
conducted in July and August 2014 at Funaura Bay in Iriomote Island, Okinawa 
prefecture, Japan. 
 
4.1. MATERIALS AND METHODS 
 
4.1.1 Material 
 
Soldier crabs used experiments were collected 2 hours before at low tide in 
the same way described in chapter 3. Collected animals were put into a plastic box with 
some mud and water and were carefully carried by a car to Tropical Biosphere Research 
Center University of the Ryukus Iriomote Station, Iriomote Island, Okinawa Prefecture, 
Japan. All experiments were conducted in a temperature-controlled room in that center 
(the temperature of the room was 28-31℃). We selected only intact individuals and 
washed them with water to drop mud on surface of their body. To simplify motion 
tracking, we attached a triangle prism-shaped marker made by white paper by the back 
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shell of each crab. After that they were isolated into a clean plastic box till beginning of 
a trial. After all experiments, makers were removed carefully not to damage the crabs 
and they were released in tideland where they were collected. 
 
4.1.2 Experimental Arena 
 
The experimental apparatus was designed a circler-shaped arena of 600mm 
radius. The floor of the arena was covered by styrene board and was surrounded by a 
100mm high wall of plastic cardboard. All materials of the arena were covered with 
black tapes (Fig. 8). To remove external perturbation, especially visual stimulus (e.g. 
shadow of experimenter), cardboards with approximately 800mm high were put a 
surround of the arena. Each trial was recorded by a video camera (Panasonic 
HDC-TM700, 1920×1080 pixels) placed above the center of the field. 
 
4.1.3 Trials 
 
 Every trial was conducted in the daytime during 1.5 hours before and after 
low tide. In each trial, 10, 20, 29, 41 individuals of soldier crab were selected and 
attached makers. Each swarm of crabs was put in arena and had been moving freely 
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during 30 minutes in the experimental arena. 
 
4.1.4 Motion tracking 
 
We obtained the trajectories of all crabs for such data of trial by using 
image-processing software (Library Move-tr/2D ver. 8.31; Library Co. Ltd., Tokyo, 
Japan). In each data, crabs’ potions have been taken every 0.2 sec. Fig. 8 shows an 
example of trajectories of a swarm. Each crab is automatically identified and tracked 
once it is recorded separately. 
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Fig. 8. An example of motion tracking of a swarm of soldier crab. The experimental 
arena at floor made by styrene board with 600mm radius and wall of it made by plastic 
cardboard with 100mm height. All materials of arena were covered with black tapes to 
simplicity for tracking. Each colored curve represents the trajectory of an individual’s 
motion. 
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4.2 INFORMATION THEORY 
 
  For analysis, we introduced two measures about information dynamics, local 
active information storage and local transfer entropy [36,37]. Methods for applying to 
swarm were based on Wang et al. [28, 38]. By active information storage one can 
estimate how a past sequence of states influences a next state, and by local transfer 
entropy one can estimate how a current state of source agent affects next state of target 
agent. 
 
4.2.1. Local active information storage 
 
For semi-finite sequence with length k, local active information storage (AIS) 
of an agent X, aX(n + 1, k) is defined by 

aX (n 1,k)  log2
p(xn
(k),xn1)
p(xn
(k))p(xn1)
,   (1) 
where 

xn
(k)  xn k1, ..., xn 1, xn  is a sequence of states x from time n to k past, 

p(xn
(k )),

p(xn1) is probability of a k future sequence of states x and of a next state x at 
time n respectively, and 

p(xn
(k), xn1) is a joint probability of a sequence of states and a 
next states x at time n. 
 
4.2.2. Local transfer entropy 
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For semi-finite sequence length k, local transfer entropy (TE) from an agent Y 
to X tY→X(n+1, k) is defined by 
   

tYX (n 1,k)  log2
p(xn1 xn
(k ), yn )
p(xn1 xn
(k ))
,   (2) 
where 

p(xn1 xn
(k )) is a conditional probability of state xn+1 given a sequence of k past 
states, and 

p(xn1 xn
(k ), yn ) is a conditional joint probability of state xn+1 given a k past 
sequence of state and a state yn.  
Moreover, Wang et al. [38] used conditional transfer entropy to condition it on 
another contributor W. The conditional transfer entropy is given below.  

t
YX W (n 1,k)  log2
p(xn1 xn
(k ),wn,yn )
p(xn1 xn
(k ),wn )
,  (3) 
where wn is speed of a individual x. 
To simplify, we here focused on only an angle of individual has and defined a 
state using it at time t and time interval dt = 2sec. Thus, a state of individual i at time t is 
titix ,,  , where θi,t is an angle between velocities of i at time t and t+1, a contributor 
w = 1 like as a constant speed model [38], a state yn ={rij, θij}, where rij and θij is relative 
positions and an angles between individual j against i. 
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4.3 RESULTS 
 
First, we examined the mean rotational direction of crabs’ moving against the 
center of arena. The mean rotational direction defines below. 
         

 
1
N
ui  rii1
N  ,   (4) 
where ui is unit vector of velocity of crab i, and ri is unit vector of pointing from the 
center of the arena towards crab i. Fig. 9 shows Φ against time, the number of crab N = 
10, 20, 29, 41. In all swarms, changing values of Φ from plus to minus or opposite were 
occurred and this shows crabs changed direction. However these events are decrease 
with increasing swarm size and duration of keeping direction is longer (Fig. 10). Thus, 
crabs changed direction collectively with increasing a swarm size. 
Next, we examined a local AIS and local TE of solider crabs. We used a value 
k = 2 and individuals were calculated TE with an neighbor its relative distance was less 
than 150mm. Fig. 11 shows average AIS and TE of each trial against time. In N = 25 
(Fig. 11A), average AIS are larger than others but an average TE are lower than others. 
In some time TE takes negative value and this shows misleading of information 
transferred from other individuals. Thus, it is considered as individuals in small swarm 
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could make decisions with a little influence from other member. In contrast, average 
AIS are lower than others but an average TE are lager than others and have some peak 
at some t related to time of changing direction in N = 41(Fig. 11D). This shows that 
individuals in a large swarm could make decisions based on interactions to others rather 
than own past behavior. Moreover, information was transferred among individuals when 
their whole direction change was occurred. 
 
4.4 DISCUSSION 
 
In this chapter, we examined behaviors of a swarm of soldier crabs in the 
circular-shaped arena by using two kinds of information measures, local active 
information storage and local transfer entropy. Results might suggest that soldier crabs 
could make decisions with a little influence from other member when their swarm size 
is small but with increasing its size, they could make decisions based on interactions 
with swam mates through transferred information among individuals. A consequence of 
such changing mechanism might cause information transfer and whole direction change 
was occurred.  
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Fig. 9. Mean rotational direction of crabs against time. A; N = 10, B; N = 20, C; N = 29, 
D; N = 41. In all size of swarms, rapidly changing values of Φ plus to minus or opposite 
was occurred, e.g. around 400seconds and 800seconds in 29 individuals trial. This 
shows crabs changed direction collectively. 
 
     
Fig. 10. (A) The number of events value Φ change from plus to minus or opposite. Such 
events are decreased with increasing swarm size. (B) Mean duration of a keeping same 
direction. Error bars show standard error. Intervals of switching direction are longer 
with increasing swarm size. 
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Fig. 11. Average local active information storage (AIS) and transfer entropy (TE) 
against time, k = 2. A; N = 10, B; N = 20, C; N = 29, D; N = 41. 
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5. CONCLUSION 
 
 In this study, to investigate how an individual recognize other individuals to 
make a group and how an individual interacts with other individuals to move as a group, 
we conducted two experiments using solider crabs Mictyris guinotae.  
First, we showed that soldier crabs have a tendency to avoid a swarm whether 
the swarm is sparse or crowded. It seems to conflict with observation of making a large 
swarm in tideland. However swarm trials showed an avoidance behavior against only an 
overcrowded swarm. These results suggest that solider crabs could recognize a density 
of other swarms and that swarms move with joining and separating other swarms not to 
be overcrowded using individual’s property. In addition, the difference between results 
of individual and swarm trial shows a perception of crabs whether they are within a 
swarm or not. 
Second, we applied information dynamics, AIS and TE, to a swarm of solider 
crabs. Results showed that soldier crabs could make decisions based on their own 
previous behaviors rather than information from other members when their swarm size 
is small. However, with increasing its size, they could make decisions based on 
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interactions with others, especially before a whole direction change occurs. We consider 
that such TE increasing also occurs when a swarm is exposed to external perturbations. 
Thus applying information dynamics to a swarm in such situation is future study. 
These two results suggest that soldier crabs could change their behavior 
according to their aggregation level. Namely, soldier crab moves toward free space 
when it is alone but they once within a swarm, they passively interact and share 
information with the members of the swarm. Such flexible strategy is important for 
behavior of solider crabs to adapt to a fluid environment of sand surface on a tideland at 
low tide. 
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